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Charged particles in magnetic ﬁelds
High precision beta decay experiments with polarized neutrons, employing magnetic guiding ﬁelds for 
the decay electrons in combination with energy dispersive detectors, initiated detailed studies of the 
point spread function (PSF) for homogeneous magnetic ﬁelds. A PSF describes the radial probability 
distribution of mono-energetic electrons at the detector plane which were emitted from a point-like 
source. With regard to accuracy considerations for high-precision experiments unwanted singularities 
occur as function of the radial detector coordinate which have recently been discussed in detail 
by Dubbers (2015) [3]. In the present article mathematical inconsistencies in the approximations to 
calculate PSFs have been corrected. In addition, numerical orbit calculations have been performed for 
inhomogeneous magnetic ﬁelds which show that, on the one hand, generalizations on the basis of 
adiabaticity considerations must be handled with care but indicate, on the other hand, that non-
adiabaticity would not prevent a proposed check of magnetic ﬁeld conﬁgurations.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
In recent important works of Dubbers et al. and Sjue et al. [1–3]
the so-called magnetic point spread function (PSF) has been inves-
tigated. Since precision asymmetry and spectroscopy experiments 
in neutron beta-decay are envisaged in the near future to test the 
Standard Model, particular attention must be paid to singularities 
in the PSFs. Such singularities have been discovered and discussed 
in a mathematical analysis of charged particle orbits emitted from 
a point-like source, spiraling in a perfectly uniform magnetic ﬁeld, 
and being registered by a detector located some ﬁxed distance 
apart from the source.1 The probability density at the detector 
plane has been analyzed as function of the radius coordinate with 
the aid of an integral equation by Sjue et al. [2, Eq. (14)] while ex-
plicitly by Dubbers [3, Eq. (14)]. The ways to ﬁnd solutions were 
quite different. Sjue et al. solve the integral equation numerically 
E-mail address: backe@kph.uni-mainz.de.
1 It is interesting to note that already in the year 1941 Whitcher [4] wrote in an 
article dealing with the design of a magnetic beta-ray spectrometer in chapter B: 
“... It therefore follows that I will become inﬁnite at the points where ∂r/∂α = 0, 
viz., the maxima of |r| as function of α considered previously. [Author’s note: I is 
the current density of electrons in the middle plane between source and detector, 
|r| the radius coordinate, and α the electron emission angle.] The current distribu-
tion due to electrons of the same momentum will therefore be characterized by the 
existence of a set of concentric ‘focal rings’ upon which its density becomes inﬁ-
nite.” This is a clear indication that Whitcher was aware already 75 years ago on 
the existence of singularities.http://dx.doi.org/10.1016/j.physletb.2016.02.027
0370-2693/© 2016 The Author. Published by Elsevier B.V. This is an open access article 
SCOAP3.with discrete or random values of the emission angle, while Dub-
bers presents and discusses analytical approximations. In a recent 
work [5] a series expansion is presented for the probability density 
which can be evaluated with arbitrary precision. It can be used as 
a benchmark to judge the accuracy of approximations.
In this paper subsidiary aspects to some ideas of Dubbers [3]
are presented. These include a discussion of approximations in 
the section entitled “Derivation of the true magnetic PSF” [3, sec-
tion 3]. It will be shown in section 2 that these approximations can 
be replaced by better ones. In the following section 3 generaliza-
tions to inhomogeneous magnetic ﬁelds on the basis of adiabaticity 
considerations will be scrutinized which have been presented by 
Dubbers in section “Anisotropic sources and non-uniform guide 
ﬁelds” [3, section 5]. Finally, in section 4 of this paper a possible 
application of the new PSF for the proposed performance check 
of the KATRIN main spectrometer will be discussed [3, section 6]. 
For the latter two subjects quantitative numerical orbit calculations 
have been performed. The paper closes with conclusions in sec-
tion 5.
2. Remarks on the derivation of the true magnetic PSF
For the following considerations a homogeneous magnetic ﬁeld 
will be assumed. A right-handed coordinate system is deﬁned with 
the ﬁeld vector B coinciding with the zˆ direction. The detector is 
placed in the (x, y) plane at a distance z0 from the origin of the 
coordinate system in which the point-like source is located. The 
charged particle starts with polar angle θ and azimuthal angle ϕ , under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
410 H. Backe / Physics Letters B 755 (2016) 409–413Fig. 1. (a) Comparison of the PSF calculated using the approximation of Dubbers [3] in red with the exact solution in black [5] for which the accuracy is better than 0.7% for 
R/r0 < 0.6. The function f (R) is an approximation derived from of Eq. (6) after replacement of α by the inverted approximations Eqs. (7) and (9), for explicit expressions 
see Dubbers [3]. Parameters of Ref. [2] taken: magnetic ﬁeld B = 0.4658 T, electron kinetic energy T = 0.976 MeV, electron momentum p = 1.396 MeV/c, maximum 
radius r0 = p/(eB) = 0.01 m, source-detector distance z0 = 0.10 m, and z0/r0 = 10. (b) The same as (a) with the approximations Eqs. (14) and (15) in blue which preserve 
normalization. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)the latter deﬁned with respect to the y axis. The point of impact 
at the detector plane is given by [2, Eq. (4)]
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with r0 = p/(q · B) the maximum projected orbital radius, p the 
momentum, and q the charge of the particle. Eq. (1) is the gen-
eral analytical solution for a particle moving in a homogeneous 
magnetic ﬁeld. Any feature of the distribution function of particles 
at the detector plane can be derived from it, either analytically 
or by numerical methods. For the following the normalized radius 
coordinate R/r0 in the detector plane is of interest which reads 
[2, Eq. (12)]
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+
(
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2
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1− cos2θ)(1− cos( z0
r0 cos θ
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With Eqs. (10) and (4) of Dubbers [3], i.e.,
cos θ = α0/α; α0 = z0/r0 (3)
Eq. (2) can be cast into the form [3, Eq. (11)]
R(α) = 2r0
√
1− α20/α2
∣∣ sin(1/2α)∣∣. (4)
The differential probability dP per differential unit area dA is 
[3, Eq. (12)]
f (α) = dP (α)
dA
= 1
2π R
∣∣∣∣dP (cos θ)d cos θ · d cos θdα · dαdR
∣∣∣∣. (5)
For the example of an isotropically emitting source with dP (cos θ)/
d cos θ = 1, dα/dR = (dR/dα)−1 and dR/dα as calculated from 
Eq. (4), Dubbers obtains [3, Eq. (13)]
f (α) = 1
2π Rr0
α0
√
α20 − α2
|α(α20 − α2) cos(1/2α) + 2α20 sin(1/2α)|
. (6)
Eqs. (4) and (6) are a parameter representation of the probabil-
ity density f (α) and the radius coordinate at the detector plane R(α), with α the parameter. These equations are equivalent to 
Eqs. (4) and (5) of Ref. [5]. Dubbers [3] sought for an invertible 
approximate function for R(α) in order to directly express f (α) as 
function of R and found it by piecewise replacing R(α) in Eq. (4)
by the approximation
R(α)≈ Rn| sin(1/2α)| (7)
with
Rn = 2r0
√
1− 4n20/(2n + 1)2. (8)
The quantity n0 = α0/2π represents the minimum number of or-
bits for emission with θ = 0, and n ≥ n0 is an integer. For the low-
est orbit Dubbers quotes the approximation [3, Eqs. (21) and (22)]
R(α)≈ Rnf
∣∣∣∣ sin α − α02(n f + 1− n0)
∣∣∣∣ (9)
with
Rnf =
√
1− 4n20/(2n + n f + 1)2 cos[1/2(n0 − n f )π)] (10)
and n f = ﬂoor(n0). In Ref. [3] the corresponding invertible func-
tions α(R), derived from Eqs. (7) and (9), were inserted into Eq. (6)
to obtain the probability density f (R) directly as function of the 
radius coordinate R in the detector plane. In Fig. 1 (a) this approx-
imation is compared with exact results obtained in Ref. [5]. The 
probability density dP/d(R/r0) = 2π Rr0dP/dA is shown as func-
tion of the normalized radius R/r0. In ample distance from the 
spikes and for outer orbits with many revolutions the approxima-
tion of Dubbers apparently is rather good. For the important inner 
branch deviations are clearly visible and the normalization within 
different branches is not preserved. Estimates by numerical inte-
gration for the ﬁrst ﬁve orbits gave 2.47, 0.620, 0.186, 0.0916, and 
0.0583 while, respectively, 0.204, 0.265, 0.133, 0.0796, and 0.0531 
are expected from the associated solid angles.
The fact that normalization is not preserved is particularly per-
turbing. Any model in which more particles reach the detector 
than have been emitted from the source must be a priori ruled 
out, all the more if a high precision analysis is the goal. The rea-
son for this deﬁciency can be identiﬁed in the fact that the above 
procedure to obtain the approximation is inconsistent. In order to 
ﬁnd from Eq. (5) the properly normalized expression, the required 
derivatives dR/dα must be obtained from the approximate Eqs. (7)
and (9), rather than from the exact expression Eq. (4).
To ﬁnd from Eq. (7) the properly normalized probability den-
sity, the procedure described by Papoulis [6, pp. 95–96] will be 
applied. With α = α0/ cos θ and cos θ the random variable in 
dP (cos θ)/d cos θ = 1, the partial distribution function for the nth
H. Backe / Physics Letters B 755 (2016) 409–413 411orbit dPn(R)/dR as function of the detector coordinate R reads 
[6, Eq. (5.5)]
dPn(R)
dR
= dP (cos θ |n)/d cos θ|R ′(cos θ |n)| +
dP (cos θ |n+1)/d cos θ
|R ′(cos θ |n+1)| (11)
Here cos θ |n and cos θ |n+1 are the real zeros of the Eq. (7) which 
are
cos θ |k = α0/2kπ + arcsin(R/Rk) (12)
with k either n or n + 1. Realizing that
dP (cos θ |k)
d cos θ = dP (cos θ)d cos θ
∣∣∣
cos θ=cos θ |k
= 1 and
R ′(cos θ |k) = dR(cos θ)d cos θ
∣∣∣
cos θ=cos θ |k
=
= Rk α02 cos2 θ cos(kπ + arcsin(R/Rk))
= Rk α02 cos2 θ
√
1− (R/Rk) (13)
one obtains after some algebraic manipulations for the nth orbit
dPn(R)
dR
= 2α0√
1− (R/Rn)
1
Rn
[
1
[2πn + 2arcsin(R/Rn)]2 +
+ 1[2π(n + 1) − 2arcsin(R/Rn)]2
]
, 0 ≤ R ≤ Rn.
(14)
The result for the lowest orbit is obtained quite similarly and reads
dPnf (R)
dR
= Nα√
1− (R/Rnf )
1
Rnf
[
1
[Nα arcsin(R/Rnf ) + 1]2 +
+ 1[Nα(π − arcsin(R/Rnf )) + 1]2
]
, 0 ≤ R ≤ Rnf
(15)
with Nα = 2(n f + 1 − n0)/α0 = (n f + 1 − n0)/(πn0). It can be 
shown that the normalization relations
Rn∫
R=0
dPn(R)
dR
dR = α0
2π n(n + 1) =
n0
n(n + 1) , (16)
and
Rnf∫
R=0
dPnf (R)
dR
dR = Nαπ
1+ Nαπ =
n f + 1− n0
n f + 1 . (17)
hold for the orbits characterized by n and n f . Eq. (16) corresponds 
to 
∫ n0/n
n0/(n+1) d(cos θ), and Eq. (17) to 
∫ 1
n0/(n f +1) d(cos θ) meaning 
that the partial probability densities are normalized to the corre-
sponding solid angles. Consequently, the total probability is nor-
malized to one.
The result after summation over all n, including n f ,
dP
d(R/r0)
=
∑
n
dPn
d(R/r0)
+ dPnf
d(R/r0)
(18)
is shown in Fig. 1 (b). Still deviations from the exact results exist. 
In particular, for the lowest orbit it is visible by the naked eye that 
the singularity is somewhat shifted, a fact which actually cannot 
be overlooked. Therefore, a warning may be appropriate to employ 
even this improved mathematical approximation when striving for 
high precision.Fig. 2. Magnetic ﬁeld on the symmetry axis from a current loop with radius of 
0.1305 m and current of 96.729 kA. The magnetic ﬁeld Bz(0) = 0.4658 T at the 
origin is the same as for the homogeneous magnetic ﬁeld assumed in section 2.
3. Remarks on non-uniform guide ﬁelds
The analytical solutions discussed in the preceding section 2 are 
valid only for homogeneous magnetic ﬁelds. However, it has been 
pointed out by Dubbers [3, ch. 5] that in axially symmetric, con-
tinuously descending magnetic ﬁelds his general formulas remain 
valid after replacement of R by R · √Bz(z0)/Bz(0) with Bz(0) and 
Bz(z0) the magnetic ﬁelds on-axis at the source and detector po-
sition, respectively. Such a procedure requires that the adiabaticity 
parameter, deﬁned as χ1 = limθ→0 |Bz/Bz| with Bz the change 
of the magnetic ﬁeld component in z direction over one period of 
the orbit in the limit θ → 0, is small, for details see, e.g., Ref. [7, 
Eq. (9)]. However, whether χ1 is small enough or not when striv-
ing for a high precision analysis of an experiment, requires detailed 
additional consideration, e.g., of the kind outlined in the following.
As an admittedly crude example, in order to make clear the ba-
sic conclusions drafted below, a simple inhomogeneous magnetic 
ﬁeld produced by a current loop with radius a will be considered. 
In Fig. 2 the magnetic ﬁeld on the symmetry axis is shown which 
can be written in a closed analytical form as
Bz(z) = μ0
2
a2 I√
(a2 + z2)3 (19)
with μ0 the permeability of free space, I the current, and z the 
distance from the origin at the center of the loop. Even for this 
rather simple magnetic ﬁeld conﬁguration, it seems to be unlikely 
that analytical solutions equivalent to Eq. (1) exist. Therefore the 
orbits have been calculated by solving the equation of motion 
numerically in cylindrical coordinates by a method described in 
Ref. [8], see also Ref. [9]. The required vector potential is known to 
be
A(r, z) = μ0
2π
I
√
(a + r)2 + z2
r
[
(1− k2/2)K (k2) − E(k2)] (20)
with r the radius coordinate, k2 = 4ar/[(a + r)2 + z2], and K and 
E the complete elliptic integrals of ﬁrst and second kind, respec-
tively. As for the example of the homogeneous magnetic ﬁeld with 
parameters quoted in the caption of Fig. 1, the detector is placed 
again at z0 = 0.1 m. The magnetic ﬁeld amounts here to 1/2 of its 
maximum value of 0.4658 T at the origin where a 207Bi source is 
located, emitting 0.976 MeV electrons.
The results are presented in Fig. 3 in terms of impact loci curves 
and scatter plots. In Fig. 3 (a) the loci which the radius vector r/r0
traverses according to Eq. (1) are depicted for the case of a homo-
geneous magnetic ﬁeld. The cosine of the polar emission angle θ
has been decremented in steps  cos θ = 0.001. This impact loci 
curve must be clearly distinguished from the projected trajectory 
of the particle on its way from the source to the detector. Fig. 3
412 H. Backe / Physics Letters B 755 (2016) 409–413Fig. 3. (a) Impact loci curve at the detector plane for a homogeneous magnetic ﬁeld. Polar emission angle varied in the interval 1 ≥ cos θ ≥ 0.2 with decrements  cos θ =
0.001. The vector r/r0 traces corresponding dots which coalesce for the inner branches to a smooth curve. Azimuthal emission angle ϕ = 0. (b) Corresponding scatter plot 
for cos θ and ϕ randomly distributed. (c) Impact loci curve at the detector plane for the inhomogeneous magnetic ﬁeld shown in Fig. 2. Polar emission angles varied in 
the interval 1 ≥ cos θ ≥ 0.05 with decrements  cos θ = 0.001. Azimuthal emission angle ϕ = 0. (d) Corresponding scatter plot for cosθ and ϕ randomly distributed. Other 
parameters as described in caption of Fig. 1.(b) shows a scatter plot if cos θ and the azimuthal angle ϕ are 
randomly distributed, for more details see Ref. [5].
The corresponding impact loci curve and the scatter plot for 
the inhomogeneous magnetic ﬁeld are shown in Fig. 3 (c) and 
(d), respectively. The x and y coordinates have been scaled by 
the factor 1/
√
Bz(0)/Bz(z0) = 1/
√
2. For a purely adiabatic pro-
cess the impact loci curves and scatter plots shown in Figs. 3 (a) 
and (b) for the homogeneous and (c) and (d) for the inhomoge-
neous magnetic ﬁelds should be identical. However, only the large 
order singularities scale approximately as expected with a small 
deviation of −1%, i.e., for the large n branches limn→∞ Rn/(
√
2r0)
approaches 1.98. The radius of the ﬁrst singularity increases by a 
factor of about 2.1 while the radii for the next two singularities 
moderately by factors 1.2 and 1.1.
These results may be explained as follows. At starting angles 
close to 90◦ the particle makes many revolutions on the way to 
the detector, and apparently the adiabatic approximation is rather 
good. For small emission angles the movement proceeds non-
adiabatically resulting in the rather large deviations. For lower 
particle energies or for more gentle magnetic ﬁeld changes the 
picture would approach the adiabatic expectation. However, since 
high precision experiments require high precision PSFs, it would be 
advisable to investigate the accuracy of the above mentioned adia-
batic approach by, e.g., Monte-Carlo calculations as has been done 
for the just described example. Since such a procedure may also be 
rather time consuming with success not at all guarantied, an ab-
initio investigation of the instrumental properties by Monte-Carlo 
simulations seems to be mandatory right from the start.
It is important to note for the considerations in the following 
section that in Fig. 3 (d) the ring structures with its singularities 
remain fully intact, even for this non-adiabatic situation.4. Remarks on possible applications of the new PSF
It has been pointed out by Dubbers [3] that the ring struc-
ture may serve as an analytical tool to asses the proper work-
ing of magnetic guiding systems. As an example the retardation 
spectrometer of the neutrino mass experiment KATRIN [10] was 
considered to be tested with 976 keV conversion electrons from 
a 207Bi source. This spectrometer consists in essence of two high 
ﬁeld solenoids 24 m apart and a low ﬁeld region in between. It 
has been shown in the preceding section that it is not necessary 
for the aforementioned check of the magnetic ﬁeld conﬁguration 
that the transport of electrons proceeds adiabatically.2 However, 
one might suspect that only very few electrons starting in the high 
magnetic ﬁeld region of about 6 T will reach the detector posi-
tioned in a magnet of also about 6 T ﬁeld strength if the magnetic 
ﬁeld in between amounts to only 0.3 mT. This issue will be inves-
tigated in the following by quantitative orbit calculations.
The magnetic ﬁeld of the main retardation spectrometer has 
been modelled by two current loops positioned 24 m apart to 
which a homogeneous magnetic ﬁeld of 0.2 mT was superimposed. 
The corresponding on-axis magnetic ﬁeld is depicted in Fig. 4 (a). 
The radius of 0.25 m and the current of 2.2 · 106 A were chosen 
such that the magnetic ﬁelds at the target and detector position at 
z = ∓12 m are 5.5292 T, and at z = 0 just 0.10 mT, cf. [11, Tab. 1].
Trajectories have been calculated as described in section 3. 
A number of 1000 orbits were calculated with random distribution 
of cos θ in the limits between 0.001745, corresponding to 89.9◦ , 
and 1. In total, only 61 trajectories arrived at the detector while the 
2 That this is indeed not the case was mentioned in Ref. [3] in a footnote referring 
to C. Weinheimer.
H. Backe / Physics Letters B 755 (2016) 409–413 413Fig. 4. (a) Model of the magnetic ﬁeld of the KATRIN main spectrometer and (b)–(d) 
numerically calculated trajectories depicted as function of the radius r and z coor-
dinates. Source position at z = −12 m, detector position at z = +12 m. Trajectory 
at emission angle θ = 68.992◦ (b), at θ = 69.047◦ (c), and at θ = 69.080◦ (d).
remaining about 94% were reﬂected in the magnetic ﬁeld of the 
detector magnet. Typical trajectories are shown in Fig. 4 (b)–(d). 
It is interesting to note, that at emission angles in the interval 
0 ≤ θ < 4.2◦ all electrons arrive at the detector. For larger emis-
sion angles there exist a large number of small intervals in which 
the electrons reach the detector, Fig. 4 (c) is a typical example. 
These ﬁndings which are unexpected on the basis of adiabaticity 
considerations, may be of use for a check of the magnetic ﬁeld 
conﬁguration with monochromatic electrons of perhaps somewhat 
lower energy.
5. Conclusions
The PSF for a homogeneous magnetic ﬁeld treated by Dubbers 
[3] has been reconsidered. Although in Ref. [3] the correct parame-
ter representation for the probability density function of the PSF is 
presented, analytical approximations are inaccurate and even suf-
fer for inner orbits from a signiﬁcant violation of normalization. 
Judged from the viewpoint of the envisaged high precision in the 
ﬁeld of low-energy particle physics, employing magnetic guiding-
ﬁelds in neutron β decay, this fact is somehow perturbing and has 
been discussed in some detail in this paper. Extreme care must 
also be dispensed in generalizations employing adiabaticity con-siderations as shown by means of numerical orbit calculations on 
the example of a continuously descending magnetic ﬁeld. However, 
these calculations also show that a check of the magnetic ﬁeld 
conﬁguration, as proposed by Dubbers [3] for the KATRIN main 
retardation spectrometer [10], may still be possible even for a non-
adiabatic situation.
The subject addressed for homogeneous magnetic ﬁelds by 
Dubbers [1,3], Sjue et al. [2], and Ref. [5] is intellectually appealing 
and certainly beneﬁcial for intuitional and educational purposes. 
However, even for a homogeneous magnetic ﬁeld conﬁguration 
any required information for analyzing high precision experiments 
can also be obtained by Monte-Carlo simulations. For more so-
phisticated magnetic ﬁeld conﬁgurations experimentalists are well 
advised to investigate their instruments right from the start by 
Monte-Carlo simulations employing precise numerical trajectory 
calculations. The strength of such an approach is its ability to ac-
curately include a number of effects in one consistent framework 
like the convolution of the singularities with all the other possible 
systematic errors, ﬁeld non-uniformities due to, e.g., broken shim 
coils in a superconducting magnet, backscattering from the dead 
layer of the detector or scattering from the residual gas in the vac-
uum, and so on.
Acknowledgements
Calculations have been performed with the Wolfram Mathe-
matica8.0 package. Pictures were prepared with the LevelScheme 
scientiﬁc ﬁgure preparation system by M.A. Caprio, Department of 
Physics, University of Notre Dame, Version 3.53 (January 10, 2013) 
[12].
References
[1] D. Dubbers, L. Raffelt, B. Märkisch, F. Friedl, H. Abele, The point spread func-
tion of electrons in a magnetic ﬁeld, and the decay of the free neutron, Nucl. 
Instrum. Methods, Sect. A 763 (2014) 112–119.
[2] S.K.L. Sjue, L.J. Broussard, M. Makela, L. McGaughey, A.R. Young, B.A. Zeck, Ra-
dial distribution of charged particles in a magnetic ﬁeld, Rev. Sci. Instrum. 86 
(2015) 023102, http://dx.doi.org/10.1063/1.4906547, 6 pp.
[3] D. Dubbers, Magnetic guidance of charged particles, Phys. Lett. B 748 (2015) 
306–310, http://dx.doi.org/10.1016/j.physletb.2015.07.004.
[4] C. Witcher, An electron lens type of beta-ray spectrometer, Phys. Rev. 60 (1941) 
32–42.
[5] H. Backe, Note: precise radial distribution of charged particles in a magnetic 
guiding ﬁeld, Rev. Sci. Instrum. 86 (2015) 076104, http://dx.doi.org/10.1063/
1.4926565, 3 pp.
[6] A. Papoulis, Probability, Random Variables, and Stochastic Processes, 2nd edi-
tion, McGraw–Hill, Auckland, Bogotá, Guatemala, Hamburg, Lisbon, London, 
Madrid, Mexico, New Dheli, Panama, Paris, San Juan, São Paulo, Singapore, Syd-
ney, Tokyo, 1984.
[7] P. Kruit, F. Read, Magnetic ﬁeld paralleliser for 2 π electron-spectrometer and 
electron-image magniﬁer, J. Phys. E, Sci. Instrum. 16 (1983) 313–324.
[8] L.S. Goddard, The computation of electron trajectories in axially symmetric 
ﬁelds, Proc. Phys. Soc. Lond. 56 (1944) 372–378.
[9] K. Kotajima, R. Beringer, A magnetic solenoid electron transporter, Rev. Sci. In-
strum. 41 (1970) 632–635, http://dx.doi.org/10.1063/1.1684602.
[10] E.W. Otten, C. Weinheimer, Neutrino mass limit from tritium β decay, 
Rep. Prog. Phys. 71 (2008) 086201, http://dx.doi.org/10.1088/0034-4885/71/8/
086201, 36 pp.
[11] F. Glück, G. Drexlin, B. Leiber, S. Mertens, A. Osipowicz, J. Reich, N. Wand-
kowsky, Electromagnetic design of the large-volume air coil system of the KA-
TRIN experiment, New J. Phys. 15 (2013), http://dx.doi.org/10.1088/1367-2630/
15/8/083025 083025, 30 pp.
[12] M.A. Caprio, LevelScheme: a level scheme drawing and scientiﬁc ﬁgure prepa-
ration system for Mathematica, Comput. Phys. Commun. 171 (2005) 107–118.
